A single-monolayered hexagonal self-assembled photonic crystal (PC) pattern fabricated onto polyethylene terephthalate (PET) films by using simple nanosphere lithography (NSL) method has been demonstrated in this research work. The patterned nanostructures acted as a scattering medium to extract the trapped photons from substrate mode of optical-electronic device for improving the overall external quantum efficiency of the organic light-emitting diodes (OLEDs). With an optimum latex concentration, the distribution of self-assembled polystyrene (PS) nanosphere patterns on PET films can be easily controlled by adjusting the rotation speed of spin-coater. After attaching the PS nanosphere array brightness enhancement film (BEF) sheet as a photonic crystal pattern onto the device, the luminous intensity of OLEDs in the normal viewing direction is 161% higher than the one without any BEF attachment. The electroluminescent (EL) spectrum of OLEDs with PS patterned BEF attachment also showed minor color offset and superior color stabilization characteristics, and thus it possessed the potential applications in all kinds of display technology and solid-state optical-electronic devices.
Introduction
Organic light-emitting diode is one of the optical-electronic devices for the various applications not only in general illumination but also for consumer displays due to the probable advantages of excellent EL performances, good flexibility, light weight, better durability, low power consumption, and convenient fabrication. Therefore, the OLEDs seem to be one of the potential candidates for the next-generation emissive display technology [1] [2] [3] [4] [5] . However, many research articles have reported that almost 70∼80% of the photons generated inside the organic layers is confined in the OLEDs caused by three major factors: (1) the total internal reflection (TIR) occurred at the glass/air interface and organic layers/substrate (substrate and waveguiding mode); (2) the reflection loss is due to the refractive index mismatch between interfaces (Fresnel loss); (3) the emitted light is lost due to absorption and plasmonic dissipation of the metal electrode (absorption and SP mode) [6] [7] [8] [9] . For the reduction of the waveguiding mode of the organic layers, various methods such as introducing textured surface, inserting low-index materials, and fabricating patterned nanostructures into the device have been proposed [10] [11] [12] [13] . But the light extracted from organic layers still suffers from the light confinement of the device substrate. Using light-coupling structures onto the surface of device can help extract light suffering from the TIR at glass substrate/air interface, thus increasing the total external quantum efficiency (EQE) [14, 15] . Many researches have proposed different ways to extract the trapped light in the substrate mode, including rough or textured substrate surface, microlens array (MLA) film, diffusive particles, and silica colloidal gel [14] [15] [16] . It is worth mentioning that, due to the limitation of the standard photolithography technique, the used microlens with diameters near the wavelength of the emitted light from the OLEDs cannot be made. In the presented work, we introduced a facile and effective fabrication method named as nanosphere lithography for the production of periodic particle array surfaces with nanometer-scale features. NSL was firstly reported by the research work of Hulteen and Van Duyne [17] and has been widely employed in the area of two-and three-dimensional (2D and 3D) micro/nanostructures patterning, such as quantum dots, nanowires, nanomesh, antireflection structure (ARS), and 3D inverse-opal photonic crystals [18] [19] [20] [21] [22] [23] . Compared to those traditional sophisticated lithographic methods, NSL has shown a great many advantages that include a simple nanofabrication technique, an inexpensive route for the patterning of long-range periodic nanostructure arrays in a large scale area, and high throughput. Methods for the deposition of PS nanosphere solution onto desired substrates include electrophoretic deposition, electrochemical deposition, Langmuir-Blodgett-(L-B-) like technique, drop-coating, and spin-coating which we utilized spin-coating in our present research work [24] [25] [26] [27] [28] . Here, we demonstrated an unsophisticated way to effectively extract the trapped photons in the glass substrate to the outer media by attaching the PS nanosphere patterned brightness enhancement film (BEF) onto the OLEDs surface. Owing to the large increase of light extraction from trapped photons, the total luminous intensity enhancement for the device with a single-monolayered nanospheres arrangement patterned film attachment in the normal direction shows a great improvement of 161% when compared to the traditional indium tin oxide (ITO) based OLEDs without any BEF sheet attachment. The OLEDs attached with PS patterned BEF also possessed potential application in flat panel consumer display technology due to the minor color offset and good color stabilization properties in different viewing angles [29] . Figure 1 shows the schematic diagrams of the fabrication process for the preparation of a single-monolayered PS array BEF and its application in OLED devices. At first, the methanol solution mixing with a surfactant Triton X-100 (400 : 1 in volume) is prepared to dilute the purchased PS beads. Then the surfactant-free nanometer-scale polystyrenes with latex colloids (Bangs Laboratories Inc., ∼10 wt% in water, PS mean diameters: ranging from 200 to 800 nm) were further diluted by the above-mentioned methanol solution in ultrasonic bath. Those as-prepared diluted PS nanospheres with latex solution were spun-coated onto clean PET substrates by the spin-coater as shown in Figure 1(a) . The distribution of a single-monolayered self-assembled PS nanosphere arrays can be easily controlled by adjusting the rotation speed of spincoater as shown in Figure 1(b) . The period of the hexagonal patterns is determined by the initial diameter of PS beads and attaching the PS nanosphere array BEF sheet as a photonic crystal pattern onto the OLED device as shown in Figure 1 (c). The product information and experimental details for the PS nanospheres with the periodicity ranging from 200 to 800 nm are listed in Table 1 .
Experimental Procedure
The commonly used techniques for fabricating the OLEDs are separated into two major types, including dry and wet-chemical processes. The wet-chemical process includes the spin-coating and inkjet-printing methods, which is suitable for the fabrication of the polymer OLEDs [30, 31] . However, the dry process (vacuum evaporation deposition) applied in our work is mainly used to fabricate the small molecule OLEDs [15] . In the parts of the blue phosphorescent OLED fabrication process, the FIrpic-based light-emitting diode was made onto an ITO coated glass substrate (ITO film thickness: 200 nm, sheet resistance: 10 Ω/◻). Prior to the organic layers evaporation process, the ITO glass was thoroughly cleaned with acetone, isopropyl alcohol, ethanol, and deionized water in sequence and then treated with an UV-ozone cleaner. The multilayers structure for the OLEDs is depicted in Figure 2 Figure 2(b) shows the molecule structures of -NPD, CDBP, FIrpic, and BAlq, respectively. The surface morphology was observed by field emission scanning electron microscope (FESEM, Hitachi S-4800). In order to prepare the SEM specimens, the dilute PS nanosphere latex was spun-coated on the flat PET film thus forming a single-layered close-packed PS array at first. Then the as-prepared samples were put into a vacuum sputtering system to deposit 5 nm Au film. The conductivity of those samples is increased and the point discharge effect would be decreased. Finally, those above-mentioned SEM samples were cut into two pieces for the preparation of the SEM cross-sectional analysis. The EL spectrum, currentvoltage characteristics, and luminance for optical-electronic devices were examined by a measuring system consisting of 
Results and Discussion
In the typical spin-coating process, the PS balls followed the lowest energy level rule of self-assembly and rearranged onto any kinds of the substrates freely till the solution was dried. Following the lowest energy level rule of selfassembly, a single-monolayered hexagonal closed-packed structure with uniform distribution is formed onto the PET films after few minutes. The period of this hexagonal pattern was determined by the diameter values of PS nanospheres. Since the assembly process occurs during the drying step, two parameters including the colloid latex concentration and rotation speed of spin-coater both play a main role in achieving the monolayer hexagonal and closed-packed PS patterns over the large areas. With a specified latex concentration, the distribution of PS nanosphere patterns on PET films can be easily controlled by simply adjusting the rotation speed. Figures 3(a)-3(c) show the SEM images for 400 nm PS nanospheres spun-coated at different rotation speed conditions after the self-assembly process. The rapid evaporation and stronger centrifugal force occurred at a spin speed of 2000 rpm resulting in the obvious empty space between nanoparticle islands because there is no enough time for those PS nanospheres rearranging into well-ordered 2D islands as shown in Figure 3(a) . On the other hand, if the spin speed was reduced to a lower value such as 500 rpm, the slow evaporation rate and weak centrifugal force would lead the consequence into randomly distributed single-or multilayered PS balls stacking as shown in Figure 3 (b). Figure 3 (c) shows that a single-monolayered close-packed PS pattern formed onto PET sheet in a large area can be achieved by tuning the rotation speed of spin-coater to a proper value, such as 1100 rpm for 400 nm PS nanospheres in the presented work. Figure 3 respectively. The distribution results for self-assembled PS nanosphere patterns with 400 nm periodicity at different spin speed parameters are summarized and listed in Table 2 . The emission peak for the used OLED device in the presented work is located at the wavelength of 466 nm and with a subpeak at 497 nm as shown in Figure 4 (a), which agreed with the work reported by Tokito et al. [32] . The turnon voltage and the saturated current efficiency of the OLED device at the current density of 10 mA/cm 2 are 8.7 V and 7.0 cd/A, respectively, as shown in Figure 4(b) .
The schematic diagram as depicted in Figure 5 (a) illustrated that most of the emitted light generated from the organic layer was confined in the device because of the waveguiding effect and substrate mode. In general, less than one-third of the generated photons can escape from emitting devices in typical OLEDs. One-third of these photons are guided in the glass substrate and the others are trapped in the organic layers. The photons trapped in the glass substrate can be further coupled out when applying a patterned BEF sheet attached onto OLEDs as shown in Figure 5(a) . Using the coupling equation can help to understand the coupling of light in the optical-electronic device. The diffraction angle ( ) for the light trapped in the substrate is calculated by
where = 1 (the diffraction order), glass is the propagation constant in the glass, = 1.52 for a typical BK7 glass, 0 = 466 nm, and Λ = 400 nm (the periodicity of the PS nanospheres) in this case. is 13.6 ∘ smaller than the refraction angle in the air ( = 20.9 ∘ , calculated by Snell's law) demonstrating the trapped photons can escape from glass to air. The insets in Figure 5(b) show the optical images of OLEDs with and without 2D PS nanosphere patterned film attachment. It reveals that the overall luminous intensity of OLED device with 2D PS photonic crystal patterned film attachment is higher than the referenced device. The PS patterned film acted as a BEF to help in extracting trapped photons in the glass/air interface to the outside. The luminous enhancement of OLED devices attached with 2D photonic crystal patterned films of various nanosphere diameters (from 200 to 800 nm) is also shown in Figure 5 the photonic crystal patterns with the periodicity of 400-800 nm. According to the diffraction term (2 /Λ) as shown in the grating coupling equation, the PS balls with 400 nm diameter (e.g., Λ = 400 nm) show the greatest luminous enhancement efficiency and the total luminous enhancement for the device with applying PS nanosphere arrangement patterned film attachment shows a great improvement of 61% when compared to the traditional ITO-OLEDs without any BEF attachment owing to the large increase of light extraction from trapped photons. The luminance enhancement factor then drops as the PS diameters in the range between 200 and 300 nm. The results can be concluded into two reasons: (1) the scattering effect of the PS ball pattern is decreased because the diameter values of the PS are smaller than the wavelength of visible light; (2) the diffraction term (2 /Λ) is increasing as the PS diameters decrease; therefore, the calculated diffraction angle would be negative, hence lowering the scattering effect caused by the PS nanosphere patterns. We further measured the emission light at different viewing angle (VA) to confirm the light extraction enhancement efficiency. Figure 6(a) shows the luminance values for the OLEDs with and without PS nanosphere patterned BEF sheet attachment under 30 mA/cm 2 operating current density in normal viewing angle that are about 3050 and 1900 cd/m 2 , respectively. The brightness improvement is about 60.5%, which is in good agreement with the result of luminous enhancement for 400 nm PS patterned BEF sheet attaching onto OLEDs as shown in Figure 5(b) . The luminance intensity of device as a function of viewing angle with a constant current injection (60 mA/cm 2 ) is shown in Figure 6 (b). The luminance intensity of device without PS patterned BEF attachment drops as the viewing angle increases. When we applied a patterned BEF sheet onto OLEDs, the angular emission pattern was broadened and the luminance intensity was also increased. . It revealed an obvious color offset property in the wavelength of 497 nm at different viewing direction. But the color offset phenomenon can be minimized after applying the PS patterned BEF as shown in Figure 6 (d). The normalized intensity was slightly shifted from 0.799 (VA = 0 ∘ ) to 0.771 (VA = 50 ∘ ). The reason for the minor color offset of the OLEDs attached with PS BEF sheet is attributed to the omnidirectional light harvesting enhancement, which is consistent with the result as shown in Figure 6(b) . The emission spectrum also shows that there is almost no wavelength shift when utilizing such a PS patterned BEF attachment, which performs excellent color stabilization characteristics. The results can be confirmed by the Commission Internationale de L'Eclairage coordinates (CIE 1931 ) and the corresponding CIE coordinates calculated from the EL spectrum for OLEDs without and with PS patterned BEF attachment are (0.1635, 0.2798) and (0.1619, 0.2776), respectively.
Conclusions
In summary, using an external patterned BEF sheet to efficiently improve the total OLED's luminous efficiency has been successfully demonstrated by a facile NSL technique in the presented research work. With a specified latex concentration, the distribution of PS arrays on PET films can be easily controlled by only adjusting the rotation speed of spin-coater. The luminous intensity of OLEDs with attaching PS patterned sheet in the normal viewing direction is 161% higher than the one without any BEF attachment. The presented experimental results indicated that the trapped photons are further coupled out from the substrate mode, thus increasing the light extraction efficiency. The EL spectrum of OLEDs with PS patterned BEF attachment shows minor color offset and outstanding color stabilization property that possess potential future applications in all kinds of opticalelectronic display devices and solid-state lighting technology.
